1. Introduction. - There is now quite substantial evidence which suggests that for ionic solids, or materials that are nearly so, point defect energies can be calculated with an accuracy that in many cases is comparable to experimental error. Thus the defect structure, doping and diffusion properties of the alkali halides [I] , the alkaline-earth fluorides [2, 31, the alkaline-earth oxides [4] , UO, [5] , a-Al,03 [6] and the transition-metal oxides [7, 81 have all been accounted for to a lesser or greater extent using lattice simulation techniques introduced by Lidiard and Norgett [9] and Norgett [lo, 111. On the other hand, materials that are normally thought of as being rather more covalent in nature, have received less attention, due mainly to difficulties associated with the derivation of suitable interatomic potentials. Recently, however, a procedure based on ab initio molecular orbital methods has been described by the present authors [12] and applied to the calculation of the fundamental defect structures of MgO, MnO, CdO and ZnO. The defect properties of ZnO, in particular are of considerable current interest, and we here extend the discussion of the intrinsic defects in stoichiometric zinc oxide to include the nature of the reduced state and aspects of the doping by Li', Naf, A13+, In3+ and H + .
2. Interatomic potentials. -Here, as elsewhere, interatomic forces are assumed to be exclusively two-body with an explicit allowance for electronic polarization by means of a shell-model [13] . For ZnO itself, the relevant potentials are obtained from ab initio molecular orbital calculations previously described [12] , whereas interactions involving dopants, which are assumed to be predominantly ionic in character, are derived from modified electron-gas potentials [3] .
3. Lattice simulation. - The calculations reported here are based on a treatment of the defective lattice originally formulated by Mott and Littleton [14] and developed by Lidiard and Norgett [9] and Norgett [lo, 111. For non-cubic materials such as ZnO, further refinements to the theory are necessary, and these, in turn have been described by Catlow, James, Mackrodt and Stewart [6] . 4 . The defect structure of zinc oxide. -4.1 FUN-DAMENTAL DEFECTS. -We begin by reviewing the fundamental defect structure of near-stoichiometric ZnO, the details of which have been given previously [12] . Unlike wide band-gap materials such as MgO and a-Al,03, for example, lattice defects in ZnO, which has a band-gap of approximately 3.5 eV, might be expected to exist in charged states other than doubly-charged, i.e. simple vacancies and interstitials. As table I shows, both theory and experiment [15] suggest that this is so, with a marked preference for 'singly-charged defects involving both zinc and oxygen. In view of difficulties that can often arise as to the detailed structure of singly-charged and neutral vacancies, it is important at this stage to emphasize that atomistic calculations of the type reported here, by definition, tend to localize charges; these, however, are not necessarily point-like since [12] . the use of a shell-model allows some spatial extent. Thus, Vk,, for example, corresponds to a cation vacancy plus a hole localized on an adjacent oxygen site (i.e. an 0-ion) together with the distorted and polarized surrounding lattice. In the usual notation, therefore, we have : in which the brackets indicate that the vacancies and appropriate charges are on adjacent lattice sites. Our present concept of the defect structure of nearstoichiometric zinc oxide, therefore, is that for the most part it comprises four basic defects, namely Zni, 01, Vt, and V&. Now both types of vacancy can ionize to give free holes and electrons ; however, as both our own calculations [12] and Kroger's analysis [15] show, electrons are more weakly bound to anion vacancies than holes to cation vacancies by about 1 eV, so that in addition to the four basic defects previously mentioned we have an excess of electrons and doubly-charged anion vacancies, V6. The energy levels of the singly-charged vacancies lie approximately in the middle of the band-gap, while the conduction band-edge is some 2.9 eV below the vacuum. Now Kroger's analysis does not include oxygen vacancies, for which there is increasing evidence (see, for example, Ref. [16] ); but apart from this, there is remarkably good accord between the theoretical formation energies and those deducted by Kroger (bearing in mind the limitations to the accuracy of both).
4.2 DEFECTS IN REDUCED ZINC OXIDE. -Our discussion so far has concentrated on near-stoichiometric ZnO. We now turn to the reduced state, ZnO, -,, in which y is 0.1 or less, and in particular focus on the nature of the defects formed on reduction. What in essence we are concerned with is the process : 05 + : O,(g) + neutral oxygen vacancy defect, and the various possibilities for the neutral defect. In section 4.1 it was assumed that this defect corresponded to an oxygen vacancy with two electrons from the conduction band localized on adjacent zinc sites in the form of Znf ions. Alternatively, electrons can be trapped at the vacancy itself to give F+ and F centres. The formation energies of these defects are listed in table I1 in which the internal energies of the F + and F centres are taken to be the same as those in MgO [3] . As shown we find identical formation ener----gies for the F + centre and Vb. The formation energy of the F centre, on the otherhand, is found to be much greater than either Vg or the complex (Ff + Zni,).
While the present calculations suggest the former to be lower in energy by about half an electron volt, the value for V& deduced from Kroger's analysis [15] suggests the reverse. The important point, however, is that they are similiar. Now the association energy of a localized electron, in the form of a Znf ion, to V , is small (0.2 eV), so that our description of the defect structure of partially reduced ZnO, -, is that it consists of V;, VG, F+-centres, the complex (F+ + Zn,,) and conduction-band electrons.
4.3 DOPING OF ZnO BY Li +, Na+, A13 +, Ga3 + AND In3+. -As is the case for many other oxides, dopants can and do influence the properties of ZnO to a considerable extent. Unlike materials such as MgO and A1203, however, the situation is somewhat more complex in view of the possible effects of nonstoichiometry. To simplify matters, therefore, our discussion is primarily concerned with near-stoichiometric ZnO, though the arguments are still valid for 
i) a-A120, + 2 Ali, + 2 ZnO + 0:
Figures in brackets indicate the solvation energy allowing for defect aggregation.
(**) No allowance is made for defect aggregation.
low levels of doping which are nevertheless in excess of the degree or non-stoichiometry. Table I11 lists the calculated energies for various modes of solvation of Li+, Naf, A13+, Ga3+ and In3+. Since we have calculated dopant/host-lattice interactions on a different basis from that for the host lattice itself, it is important to emphasize that in table I11 energy difTerences are of much more significance than the absolute value for any particular mode of solvation. Our calculations suggest that Li' and Na+ behave in a similar fashion both in the absence and presence of oxygen. Thus we predict lattice substitution compensated by anion vacancies and holes, and for Li+, in particular, a trimer of the form { Lii-Vk,-Lii }. Paramagnetic resonance and optical experiments provide good evidence for lattice substitution compensated by holes [19, 201 , and in the case of Na+, support for an appreciable interaction between the two [20] . Lit has been shown to lower the free electron concentration quite substantially in reduced ZnO [21] uncompensated OH-group, that is to say, (0;;-Hi) is found to be lower in energy than the unbound interstitial Hi, by about 2 eV. There is an appreciable binding energy to cation vacancies, V'i,, which is only slightly reduced by the presence of a second OHgroup. Our calculations, therefore, would seem to preclude the existence of free H+ in ZnO. We also find an appreciable interaction between an OH-group and monovalent substituents of the type, Nak,, for which Mollwo, Muller and Zwingel [22] have reported experimental evidence based on esr and optical absorption data. In view of this, we suggest that OH-groups should function as efficient trapping centres for conduction-band electrons in the form of complexes of the type (Og-H;-Zn,J with a binding energy of about 3 eV.
